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LOCOMOTIVE POWER TRAIN ARCHITECTURE 



FIELD 

The present invention relates generally to a power control architecture for a 
vehicle and particularly to a locomotive power control architecture utilizing a plurality 
of engine, fuel and drive train combinations. 

BACKGROUND 

Railroad locomotives are typically powered by diesel-electric systems or by 
diesel-hydraulic systems. Conventional stand-alone locomotives have output power 
typically ranging from approximately 300 horsepower (for example, locomotives used 
in mining and tunneling) to approximately 6,000 horsepower (for example, 
locomotives for long haul cross-country freight trains). 

Railroads are under increasing pressure to reduce emissions and fuel 
consumption while maintaining high power capability necessary for rapid acceleration 
and/or high tractive effort as two common examples. One of several responses to 
these forces has been the development of hybrid locomotives. Donnelly has disclosed 
the use of a battery-dominant hybrid locomotive in US 6,308,639 which is 
incorporated herein by reference. Donnelly has also disclosed a method and 
apparatus for controlling power provided to DC traction motors by furnishing an 
individual chopper circuit for each traction motor in US 6,812,656 which is 
incorporated herein by reference. Donnelly et al. have disclosed a method of 
monitoring, synchronizing and optimizing the operation of the locomotive drive train 
in U.S. Patent Application Serial No. 10/649,286. 
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The present inventor has further disclosed a system for controlling a dynamic 
and regenerative braking system for a hybrid locomotive which employs a control 
strategy for orchestrating the flow of power amongst the prime mover, the energy 
storage system and the regenerative braking system in a U.S. Provisional Patent 
Application 60/600,330 which is also incorporated herein by reference. 

Other strategies to reduce emissions and fuel consumption involve 
combinations of conventional and hybrid locomotives in a consist. Donnelly et al. 
have disclosed a method of allocating energy amongst members of a consist in U.S. 
Patent Application Serial No. 1 1/070,848; and have disclosed a method for 
monitoring, controlling and/or optimizing the emission profile for a hybrid locomotive 
or consist of hybrid locomotives in U.S. Patent Application Serial No. 1 1/095,036, all 
of which are also incorporated herein by reference. 

In the search for efficient engine and fuel strategies, many different power 
plant and power delivery strategies, other than hybrid systems, have been investigated. 
Some of these strategies have been based on alternative, cleaner burning fuels. An 
alternate fuel strategy usually involves a substantial change in railroad infrastructure, 
especially in countries where the infrastructure is based on primarily on diesel fuel. 

Yet other strategies to reduce emissions and fuel consumption or increase 
locomotive power have involved dual engine or multiple engine configurations. Often 
a multi-engine locomotive can be comprised of engines each of which can provide 
power to separate driving wheel assemblies or separate groups of driving wheel 
assemblies. In other designs, the AC electrical output of two engine/alternator 
systems have been synchronized to provide power to an AC bus which, in turn, 
provides power to all the locomotive's traction motors. Older multi-engine designs 
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have utilized syncnronized mechanical transmissions to supply power directly to the 
driving wheel assemblies. 

The present inventor has previously disclosed a booster unit for diesel electric 
locomotive comprised of a diesel engine and a gas turbine connected via a DC bus to 
a series of traction motors in Canadian Patent 1,283,472 which is incorporated herein 
by reference. This invention does not require its engines to be synchronized but has 
no load control for its traction motors. 

Recently, a French Railway Company, VFLI, disclosed a dual-engine 
locomotive utilizing a common DC bus electrical transmission where the two engines 
need not be synchronized. The second engine in this design is brought on-line using a 
simple algorithm. Under this algorithm, when the power output of the first engine 
exceeds 70% of its rated value, the second engine is brought on-line. 

For application to locomotives with two or more engines to reduce emissions 
and fuel consumption, Donnelly et all have disclosed a versatile multiple engine 
control strategy in U.S. Provisional Application 60/674,837 and a high-power density 
engine packaging method in U.S. Provisional Application entitled "Multiple Engine 
Locomotive Configuration" filed June 20, 2005. These provisional applications are 
also incorporated herein by reference. 

There remains a need for a straightforward locomotive power plant and drive 
train architecture that can be applied to a variety of traction motor and drive train 
configurations known to the rail industry to reduce emissions and fuel consumption 
and/or increase locomotive power by allowing for (1) the use of various prime 
movers, (2) the use of various fuels, (3) addition of an energy storage system for 
propulsion power assist or full propulsion and (4) a regenerative braking system. 
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SUMMARY 

These and other needs are addressed by the various embodiments and 
configurations of the present invention which are directed generally to controlling 
various prime power, energy storage and/or regenerative braking systems for 
powering a variety of off road vehicular (e.g., locomotive) transmission and traction 
motor combinations as well as providing auxiliary power for the vehicle (e.g., for the 
locomotive and trailing cars). 

The inventions disclosed herein are applicable to both hybrid and non-hybrid 
locomotives as well as to other types of off hybrid and non-hybrid road vehicles that 
require substantial power and low emissions utilizing various power plant 
combinations. 

In one embodiment of the present invention, the present invention discloses a 
method for using voltage control and current monitoring to co-ordinate and/or 
optimize the use of two or more power sources to provide power to a DC bus and 
thereupon to a variety of motor and drive train configurations commonly used on 
locomotives and various other types of off road vehicles. The power to the individual 
motors is independently controlled. 

In one configuration, two or more diesel engines are utilized to power DC or 
AC traction motors which may have a common or individual power control 
apparatuses. The traction motors utilize a fixed-ratio mechanical gear train to couple 
the output mechanical energy of the traction motors to the driving axles. 

In another configuration, two or more engines of differing types are utilized to 
power DC or AC traction motors which may have common or individual power 
control apparatuses. 
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in anotner configuration, two or more engines of differing types and one or 
more energy storage units are utilized to power DC or AC traction motors which may 
have common or individual power control apparatuses. 

In another configuration, various power supply units are utilized along with an 
5 inverter to power a motor such as for example, an induction motor, a permanent 

magnet motor, a switched reluctance motor or an AC traction motor. The motor in 
turn is coupled mechanically to a variable gear ratio hydraulic transmission (also 
known as a hydrodynamic or turbo transmission) which, in turn, drives all the 
propelling axles on the locomotive typically utilizing a system of gears, drive shafts 
10 and couplings. 

In yet another configuration, a hybrid locomotive consisting of two engines, an 
energy storage system and a regenerative braking system is disclosed utilizing the DC 
bus architecture of the present invention. 

In yet another configuration, a diesel locomotive consisting of six engines and 
15 a dynamic braking system is disclosed utilizing the DC bus architecture of the present 

invention. 

» 

An additional aspect of the above configurations is the use of induction 
alternators or various other known energy conversion devices operated as motors to 
start or restart diesel engines using power supplied from a DC bus. 
20 The above-described embodiments and configurations are neither complete 

nor exhaustive. As will be appreciated, other embodiments and configurations of the 
invention are possible utilizing, alone or in combination, one or more of the features 
set forth above or described in detail below. 
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j\ common or unifying concept of a preferred embodiment of the present 
invention is the use of a DC electrical bus whose bus voltage level controls the 
amount of power flow from the various prime mover and/or energy storage power 
supplies. The output voltage level of the bus is controlled by the power source or 
5 power sources that generate the highest DC voltage. Each power supply has its own 

means of regulating its output voltage so that each can be controlled by other means to 
provide an output voltage that allows it to be engaged or disengaged at will from the 
power flow to the DC bus. This architecture therefore does not require 
synchronization of power supplies to provide power to the DC bus which, in turn, may 
10 supply regulated or unregulated power to the propulsion motors. This architecture 

also permits the use of various numbers and types of power supplies to be used in 
conjunction with various types of motors and drive train configurations without 
special modification to the power supplies, the drive motors or the control circuitry. 
In a preferred embodiment, the power supplied by the DC bus to the wheel 
1 5 driving motors is controlled independently of the DC bus voltage. The power flow 

from the DC bus to the motors driving the wheels is regulated by independent control 
of the voltage supplied to the motors using for example inverters or choppers. 

In a less preferred embodiment, the voltage level of a DC electrical bus is 
controlled by the power consumption of the load on the DC bus. This load may be 
20 comprised of unregulated traction motors, auxiliary power supplies and a dynamic 

braking system. 

These and other advantages will be apparent from the disclosure of the 
invention(s) contained herein. 
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The above-described embodiments and configurations are neither complete 
nor exhaustive. As will be appreciated, other embodiments of the invention are 
possible utilizing, alone or in combination, one or more of the features set forth above 
or described in detail below. 
5 The following definitions are used herein: 

A locomotive is generally a self-propelled railroad prime mover which is 
powered either by a steam engine, diesel engine or externally such as from an 
overhead electrical catenary or an electrical third rail. 

A diesel-electric locomotive is commonly a diesel powered railroad prime 
10 mover which includes an engine, generator, and traction motors on each propulsion 

axle. 

A diesel-hydraulic locomotive is commonly a diesel powered railroad prime 
mover which includes an engine, a transmission and a drive system connecting one or 
more propelling axles. Less commonly, a diesel-hydraulic locomotive includes an 
15 engine, an electric motor and pumps which operate hydraulic motors on one or more 

propelling axles. 

A cabless locomotive is a locomotive not having a functional operator's 
enclosure or cab. In a functional operator's cab, the locomotive may be operated with 
protection from outside weather, noise and fumes. In a functional operator's cab, the 
20 operator has available at least throttle controls, braking controls and locomotive status 

displays. A cabless locomotive may not have an operator's cab or it may have the cab 
windows blacked out and the door locked to render the cab unuseable. 
A motor refers to a device that produces or imparts motion. 
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A traction motor is a motor used primarily for propulsion such as commonly 
used in a locomotive. Examples are an AC or DC induction motor, a permanent 
magnet motor and a switched reluctance motor. 

An engine refers to any device that uses energy to develop mechanical power, 
such as motion in some other machine. Examples are diesel engines, gas turbine 
engines, micro turbines, Stirling engines and spark ignition engines 

A prime power source refers to any device that uses energy to develop 
mechanical or electrical power, such as motion in some other machine. Examples are 
diesel engines, gas turbine engines, microturbines, Stirling engines, spark ignition 
engines or fuel cells. 

An energy storage system refers to any apparatus that acquires, stores and 
distributes mechanical or electrical energy which is produced from another energy 
source such as a prime energy source, a regenerative braking system, a third rail and a 
catenary and any external source of electrical energy. Examples are a battery pack, a 
bank of capacitors, a compressed air storage system and a bank of flywheels. 

Dynamic braking is implemented when the electric propulsion motors are 
switched to generator mode during braking to augment the braking force. The 
electrical energy generated is typically dissipated in a resistance grid system. 

Regenerative braking is the same as dynamic braking except the electrical 
energy generated is recaptured and stored in an energy storage system for future use. 

An electrical energy converter refers to an apparatus that converts mechanical 
energy to electrical energy. Examples include an alternator, an alternator-rectifier and 
a generator. 
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A power control apparatus refers to an electrical apparatus that regulates, 
modulates or modifies AC or DC electrical power. Examples are an inverter, a 
chopper circuit, a boost circuit, a buck circuit or a buck/boost circuit. 

Power density as used herein is power per unit volume (watts per cubic meter). 

Specific power as used herein is power per unit mass (watts per kilogram). 

A hybrid vehicle combines an energy storage system, a prime power unit, and 
a vehicle propulsion system. A parallel hybrid vehicle is configured so that 
propulsive power can be provided by the prime power source only, the energy storage 
source only, or both. In a series hybrid vehicle, propulsive power is provided by the 
energy storage unit only and the prime power source is used to supply energy to the 
energy storage unit. 

When the energy storage capacity is small and the prime power source is large, 
the hybrid may be referred to as a power-assist hybrid. For example, an electric drive 
may be used primarily for starting and power assist while an internal combustion 
engine used primarily for propulsion. These vehicles are typically parallel hybrids. 

In a dual-mode hybrid, the energy storage and prime power are approximately 
balanced. For example, a dual-mode hybrid can operate on electric drive only, on 
engine power only, or on a combination of both. These vehicles are typically parallel 
hybrids. 

A range-extended hybrid has a large energy storage capacity and a small prime 
power source. An example would be an electric drive vehicle with a small engine 
used for charging an electrical energy storage unit. These vehicles are typically series 
hybrids. 
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j\ oaiiety-aominant hybrid locomotive is a dual-mode hybrid locomotive 
where the energy storage apparatus is a battery pack and the battery pack is capable of 
supplying approximately as much or more instantaneous power than the prime power 
source when both are engaged with the propulsion system. 
5 As used herein, "at least one", "one or more", and "and/or" are open-ended 

expressions that are both conjunctive and disjunctive in operation. For example, each 
of the expressions "at least one of A, B and C", "at least one of A, B, or C", "one or 
more of A, B, and C", "one or more of A, B, or C" and "A, B, and/or C" means A 
alone, B alone, C alone, A and B together, A and C together, B and C together, or A, 
10 B and C together. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic overview diagram of a general locomotive power and 
drive train architecture. 
1 5 Figure 2 is a schematic diagram showing several types of power supplies 

driving four independently controlled DC traction motors. 

Figure 3 is a schematic diagram showing several diesel engines driving four 
independently controlled AC traction motors through a single inverter. 

Figure 4 is a schematic diagram showing several microturbines and an energy 
20 storage system driving four axles from a single inverter, motor and gearbox. 

Figure 5 is a circuit diagram of two diesel engine systems and a battery pack 
driving four DC traction motors and an auxiliary power supply. 

Figure 6 is a circuit diagram of six diesel engine systems driving four DC 
traction motors and an auxiliary power supply. 

-10- 
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Figure*'/ illustrates the principal power train elements of a hybrid locomotive 
including a dynamic/regenerative braking system in motoring mode. 

Figure 8 illustrates the principal power train elements of a hybrid locomotive 
including a dynamic/regenerative braking system in braking mode. 

DETAILED DESCRIPTION 
Figure 1 is a schematic diagram of the general locomotive and drive train 
architecture of the present invention. In this architecture, power sources (prime 
movers, energy storage systems and traction motors acting as generators), propulsion 
motors, auxiliary power supplies and other power consumers are shown connected in 
parallel to a DC bus. This example is presented to show the variety of electrical 
power generators, consumers and storage systems that can be connected to the DC bus 
architecture. Electrical connections are shown as light lines while mechanical 
connections are represented by heavy lines. The DC bus is shown as a bus bar 101 
which is taken to be positive 103 and a bus bar 102 which is taken to be negative 104 . 
Three engines 105 are shown connected mechanically by drive shafts 107 to 
alternators 106. The three phase AC output of the alternators 106 are connected 
electrically 109 to rectifier circuits 108 which in turn supply DC power to the DC bus 
via connection 110. An electrical power storage device 111, which can be a capacitor 
bank for example, is electrically connected 1 13 to a power control device 112 which 
in turn is connected electrically 1 14 to the DC bus. The power control device 112 
may be for example a buck/boost circuit that regulates the voltage to the storage 
device 1 1 1 for charging or discharging. Alternately, apparatus 1 1 1 can be a fuel cell 
electrically connected 1 13 to a voltage regulator 1 12 which in turn is connected 
electrically 1 14 to the DC bus. Another electrical storage device 115, which can be a 
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battery pacK, is electrically connected 116 directly to the DC bus. This may be 
preferred, for example, for a battery dominant hybrid where the DC bus voltage can be 
controlled by the voltage across the battery pack 115. Four traction motors 120 are 
shown with their power control apparatuses 121 connected electrically 122 to the DC 
bus. The power control apparatuses 121 may be chopper circuits if DC traction 
motors are used or inverters if AC traction motors are used. An AC auxiliary power 
supply 123 is shown electrically connected 124 to an inverter 125 which in turn is 
connected electrically 126 to the DC bus. Finally a resistive grid 127 for dynamic 
braking is shown connected in series with a switch 128 and electrically connected 129 
to the DC bus. The system shown in Figure 1 can be operated in motoring mode 
where power flows from one or more of the power sources 105, 111 and 1 15 to the 
traction motors 120 and the auxiliary power supply 123. The system can be operated 
in braking mode where power flows from the traction motors 120, now operating as 
generators, to provide power to the auxiliary power supply 123 and the energy storage 
units 1 1 5 and 111 when the latter is, for example, a capacitor bank. If the energy 
storage systems are fully charged, then braking energy can be diverted to the resistive 
grid 127 to be dissipated. As described in a separate patent application entitled 
"Method for Dissipating Braking Energy on a Locomotive", excess braking energy 
can be dissipated by reverse power flow to the engines when the rectifier circuit 108 is 
an inverter circuit. The power sources 105 may be prime movers such as, for 
example, diesel engines, gas turbines, microturbines, switched reluctance generators, 
induction generators, Stirling engines, fuel cells, spark ignition engines or 
combinations of these. The prime movers may utilize a variety of fuels such as diesel 
fuel, natural gas, gasoline or hydrogen. The power sources 1 1 1 and 115 may also be 

-12- 
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energy storage devices such as for example a battery pack, a bank of capacitors, a 
compressed air storage system, a bank of flywheels or combinations of these. The 
energy conversion devices 106 may be for example induction alternators, switch 
reluctance motor/generators, permanent magnet alternator/rectifiers, or DC generators 
any of which may receive power from an engines by a mechanical shaft connections 
107. Alternately, the energy conversion device 1 12 may be for example an electrical 
power conditioning apparatus which may receive power from a fuel cell by an 
electrical connection 113. If the energy conversion device 106 is an induction 
alternator, switch reluctance motor/generator or permanent magnet alternator/rectifier, 
then it will require a rectifying circuit 108 to convert AC power to DC power for 
transmission to the DC bus. The DC bus is commonly a heavy positive conductor 
101 and negative conductor 102 pair which is typically a pair of copper bus bars. The 
motors 120 may be traction motors for propulsion while power supply 123 may be one 
or more motors for operating air compressors and traction motor cooling blowers , AC 
or DC motors for providing auxiliary power and the like. 

Each motor or power supply may have its own separate power control 
apparatus Groups of motors and power supplies may also share a common power 
control apparatus. The power control apparatuses may be for example inverters, 
chopper circuits, buck, boost or buck/boost circuits, rectifiers or AC to DC converters. 
As will be discussed in Figure 2, this power supply strategy can be extended to 
include energy storage systems. As discussed in U.S. Provisional Patent Application 
60/600,330 which was previously incorporated herein by reference, this architecture 
can also incorporate a regenerative braking system for recovering energy to an energy 
storage system. In a dynamic braking system, electrical energy may flow from the 

-13- 
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motors to me uu bus and from the DC bus may be transmitted to one of the energy 
storage devices or to grid of dissipating power resistors. 

There are several ways in which the DC bus voltage may be managed. These 
include: 

1 . maintaining a constant DC bus voltage. 

2. maintaining a constant DC bus voltage over a first predetermined range of 
operation and a different constant DC bus voltage over a second 
predetermined range of operation and so forth. 

3. allowing the DC bus voltage to vary in accordance with load power demand 

4. allowing DC bus voltage to vary in accordance with the output voltage of a 
large energy storage system. 

Figure 2 is a schematic diagram showing an example of 4 types of power 
supplies 203, 204, 207, 205 and 206 connected in parallel to a DC bus represented by 
bus bars 201 and 202 to provide DC power to 4 independently controlled DC traction 
motors shown collectively by 207. The conventions, such as mechanical and 
electrical connections, used in Figure 1 are also used in Figure 2. A first power 
supply type 203 may be diesel engines whose shaft power is converted to DC 
electrical output by an alternator/rectifiers which in turn are connected to the DC bus. 
The power outputs of the diesel engine systems 203 are controlled independently by 
their individual excitation means contained in their respective alternators. A second 
power supply type 204 may be a gas turbine engine whose shaft power is converted to 
DC electrical output by a high speed alternator/rectifier which is also connected to the 
DC bus. The power output of the gas turbine engine system 204 is controlled by an 
excitation means contained in its alternator. A third power supply type 205 may be a 

-14- 
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tuel ceil wnose eiectncal output is converted to the appropriate DC level by a 
buck/boost or voltage regulator circuit which in turn is connected to the DC bus. The 
power output of the fuel cell 205 is controlled by its buck/boost or voltage regulator 
circuit. A fourth power supply type 206 may be an energy storage system which may 
5 be a battery pack or capacitor bank whose electrical output is converted to the 

appropriate DC level by a buck/boost circuit which in turn is connected to the DC bus. 
In this example, the power output of the energy storage system 206 is controlled by a 
buck/boost circuit. The alternator/rectifier apparatuses in engine systems 203 may 
contain blocking diodes to prevent reverse power flow from the DC bus when the DC 

10 output voltage of a particular engine is less than the voltage across the DC bus. The 

power conditioning apparatus for the energy storage system 206 may be controlled to 
allow power flow from the DC bus for recharging the system by any of the prime 
movers 203 and 205, or by a regenerative braking system if available. As can be seen, 
the voltage across the DC bus is established by the power source with the highest DC 

15 output voltage to the bus. Power supplies with lower output DC voltages than that 

across the bus will not provide power to the bus and will not receive power from the 
bus unless they are controlled to allow reverse power flow. Thus, by controlling the 
output voltage of any power supply using its particular excitation or voltage control 
means, that power supply can be brought on-line to supply power to the DC bus. In 

20 this example, the DC bus supplies power to four traction motors connected in a 

parallel circuit 207. The DC bus may provide power at a predetermined voltage to the 
traction motor circuit and the power control apparatuses associated with each traction 
motor control the current flow, and hence the power level, to the traction motors. 
Thus, in this example, the power delivered to any motor can be controlled 

-15- 
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independently or tne other motors and independently of the power supply or power 
supplies feeding the DC bus. As can be appreciated, the DC bus can supply power to 
four parallel inverter circuits each controlling a corresponding AC traction motor or to 
four parallel chopper circuits each controlling a corresponding DC traction motor . 

The following is an example of how such a locomotive architecture can 
operate. The diesel engines 203 can be powered up to provide power to the bus at a 
predetermined first voltage. Concurrently, the gas turbine 204 may be turned off. The 
buck/boost circuit controlling the fuel cell 205 may be set to a second predetermined 
voltage that is less then the first predetermined voltage so that the fuel cell 205 
initially does not provide power to the bus. The buck/boost circuit of the energy 
storage system 206 is set to a third predetermined output voltage that is less than the 
first predetermined voltage so that the energy storage system 206 also does not 
provide power to the bus. The traction motors 207 each receive approximately the 
same amount of power at a desired level as determined by the engineer. The amount 
of power sent to each motor 207 may be independently varied by their corresponding 
power control apparatuses to eliminate, for example, occurrences of non-synchronous 
wheel slip. If for example, it is desired to reduce emissions in a particular portion of 
the route, the excitation to alternator/rectifiers of engines 203 can be reduced, to idle 
or turn off engines 203 and discontinue their power input to bus 211. Concurrently, 
the gas turbine 204 can be started and the excitation to its high speed 
alternator/rectifier can be increased to the first predetermined voltage to bring the 
power from the gas turbine on-line. In addition, the buck/boost circuit on the fuel cell 
system 205 can be commanded to increase its voltage output to the first predetermined 
voltage to bring the power from the fuel cell 205 on-line. In the event that a further 

-16- 
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surge in power is required, the buck/boost circuit on the energy storage system 206 
can be commanded to increase its voltage output to the first predetermined voltage to 
bring the power from the energy storage system 206 on-line. As long as the power 
available from all the power supplies that are on-line is sufficient to provide the power 
desired for the traction motors 207, the motors 207 can be controlled independently as 
desired. If more power is demanded than is available, the voltage across bus will 
begin to fall and may fall low enough to allow the remaining power supplies to 
automatically come on-line. Alternately, the DC output voltage of the off-line power 
supplies can be increased to just below or to the first predetermined voltage so that 
they come on-line to provide any additional power requirements. 

As can be appreciated, auxiliary locomotive and other train power supplies can 
be driven from the common bus with the appropriate voltage matching apparatus. 

As can also be appreciated, the diesel engines can be operated on diesel fuel or 
natural gas (compressed gas or liquid) and the gas turbine can also be operated on 
diesel fuel or natural gas. In both cases the operating characteristics of the engines 
may be somewhat changed. This change to other fuels will require no change to the 
locomotive architecture and will only require an adjustment, if necessary, in the 
excitation current applied to the alternator/rectifier apparatuses of those engines so as 
to be compatible with the desired bus voltage. No synchronization of power supplies 
is required as for example would be the case with an architecture based on a common 
AC bus. 

As can be further appreciated, this architecture can be utilized to control a 
number of locomotives and/or energy tender cars to provide power to the individual 
wheel driving motors. The locomotives can include combinations of conventional 

-17- 



WO 2006/020667 PCT/US2005/028314 
aiesei-eiecinc, aiesei nydraulic, hybrid and cabless locomotives. The architecture can 
be utilized for any energy storage system whose output can be converted to a DC 
voltage, such as battery packs, capacitor banks and flywheel generators. 

As disclosed in U.S. Provisional Patent Application 60/600,330 which was 
previously incorporated herein by reference, this architecture can be utilized to 
recapture energy from a regenerative braking system and distribute it as desired to 
energy storage devices such as for example a battery pack, a capacitor bank, a 
flywheel system or the like. 

Figure 3 is a schematic diagram showing an example of 5 diesel engines 303 
connected in parallel to a DC bus represented by bus bars 301 and 302 to provide AC 
power to 4 AC traction motors 304 controlled through a single inverter 305. The 
same principles can be applied to any number of diesel engines in the range of two 
engines to about eight engines. Eight engines could in principle correspond to the 
eight notches of power control typically used in many locomotives. The conventions, 
such as mechanical and electrical connections, used in Figure 1 are also used in Figure 
3. This example illustrates how a number of smaller diesel engines which may have 
highly developed efficiency and emission controls can be used in place of a single 
large diesel engine. In this example, 4 AC traction motors are used but, as can be 
appreciated, the number and type of drive motors is independent of the number and 
type of power supplies. As used herein, a diesel engine system includes the engine 
and its alternator/rectifier apparatus. The power output of the diesel engine systems 
303 are controlled independently by their individual excitation means contained in 
their alternator/rectifier apparatuses. In this example, the rectifier apparatuses all 
contain blocking diodes to prevent reverse power flow from the DC bus when the DC 
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output voltage 01 a particular diesel engine system is less than the voltage across the 
DC bus. As can be seen, the voltage across the DC bus is established by the diesel 
engine system or systems with the highest DC output voltage to the bus. Diesel 
engine systems with lower output DC voltages than the voltage across the bus will not 
5 provide power to the bus and will not receive power from the bus because of the 

blocking diodes contained in their alternator/rectifier apparatuses. Thus, by 
controlling the output voltage of any diesel engine system using its alternator 
excitation current, that engine system can be brought on-line to supply power to the 
DC bus. In this example, the DC bus 321 supplies power to a single inverter 

10 apparatus 305 which controls the level of AC power to all four AC traction motors 

304. The bus provides a power capacity at a predetermined voltage and the inverter 
305 controls the current flow, and hence the power level, to the motors 304. 
Alternately, the bus can supply power to a single chopper apparatus 305 which 
controls the level of DC power to four DC traction motors 304. 

15 The above architecture allows a simple operating strategy for energy and 

emissions management. For example, DC output current from each of the engines' 
alternator/rectifiers may be measured independently. The desired voltage level on the 
DC bus may be prescribed as a first predetermined value. If a sufficiently low level of 
locomotive power is desired, then a first diesel engine is brought on line by raising the 

20 excitation current applied to its alternator/rectifier to provide power to the bus at the 

first predetermined voltage. When the DC current from alternator/rectifier reaches a 
second predetermined limit and additional locomotive power is required, then a 
second diesel engine is brought on line by raising the excitation current of its 
alternator/rectifier to provide the required additional power capability to bus at the 
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tirst predetermined voltage. As additional locomotive power is required as 
determined by the locomotive engineer and by the predetermined DC output current 
limit for each alternator/rectifier, then additional diesel engines can be brought on-line 
in the same way. Conversely, as less locomotive power is required, then diesel 
engines can be taken off-line by reducing the excitation current applied to their 
alternator/rectifiers. In the event of a engine malfunction, this architecture allows the 
malfunctioning engine to be taken off-line and immediately replaced by another 
engine, if available. Alternately, if a engine loses partial power, it can still be 
maintained on-line by raising the excitation current applied to its alternator/rectifier to 
provide the required additional power output. The above operational options cannot 
be applied for a locomotive operating with a common AC bus since multiple engines 
must normally be synchronized in both voltage and frequency. 

The above configuration of several diesel engines can have at least three 
important emissions control advantages. First, the engines can be smaller engines (for 
example five 750 kW diesels engines) that typically run hotter than a single large 
engine (for example one 3,750 kW diesel) and therefore the exhaust temperatures are 
higher which allows a more effective post-treatment of, for example, NOXs by for 
example any variations of Selective Catalytic Reduction methods. Second, with 
smaller engines, the residency times of combustion event are shorter which also is 
known to reduce overall production of NOXs. Third, with the multiple smaller engine 
scenario, engines not needed can be idled or turned off and less overall fuel is 
consumed and therefore less overall emissions are generated. 

The voltage control strategy articulated above is also compatible with the use 
of an induction alternator to provide electrical power from the diesel engines to a DC 
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bus. liie use 01 an induction alternator, when at least one electrical power source (for 
example, a diesel and its alternator, a turbine and its alternator, or an energy storage 
apparatus) is in operation supplying power to the DC bus, would allow power from 
the DC bus to be used to start or restart an engine that is turned off. This method of 
starting engines is known and is used to provide high starting power without the need 
of a separate starter motor. A pre- lubrication pump can also be operated directly from 
the DC bus or from an auxiliary power supply to lubricate a diesel engine just prior to 
starting it so as to extend its operational lifetime. While the above diesel engine start- 
up procedures are well-known, they can be applied more readily utilizing the voltage 
control and DC bus architecture of the present invention. 

As can be appreciated, auxiliary locomotive and other train power supplies can 
be driven from the common bus with the appropriate voltage matching apparatus. 

Also, the diesel engines can be operated with diesel or natural gas fuels as 
appropriate with no change in operating strategy or operating options. 

Figure 4 is a schematic diagram showing 4 microturbines 403 and an energy 
storage system 404 connected in parallel to a DC bus represented by bus bars 401 and 
402 to provide AC power through an inverter 405 connected electrically to an 
induction motor 406 which drives a gearbox, drive shaft and axle system 409 through 
mechanical couplings represented by 408. This example illustrates how a number of 
microturbines which can be run on either natural gas or diesel fuel can be used in 
place of a single large prime mover. The conventions, such as mechanical and 
electrical connections, used in Figure 1 are also used in Figure 4. In this example, the 
DC power from the bus is converted to AC by inverter 405 and used to power, for 
example, an induction motor 407. As can be appreciated, the induction motor may be 
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replaced oy a permanent magnet motor, a switched reluctance motor, an AC traction 
motor or the like. The mechanical shaft power output of motor is mechanically 
connected to a mechanical drive system 409. The mechanical drive system 409 may 
be comprised of gearbox and any number of known axle drive systems such as for 
5 example systems comprised of drive shafts, cardan shafts, universal joints, bevel 

gears, spur bevel gears, spur gears and the like. Examples of other drive systems 
include drive shafts and limited slip or self-locking differential systems. As can be 
appreciated, the number and type of drive system is independent of the number and 
type of power supplies. An energy storage battery pack 404 is shown connected 

10 directly to the DC bus. The voltage on the DC bus may be controlled by the voltage 

across the battery pack or the voltage output of the microturbines may be increased 
above the voltage of the battery so that the battery can be recharged or switched to 
standby. The alternator/rectifier apparatuses of the microturbines may all contain 
blocking diodes to prevent reverse power flow from the DC bus when the DC output 

15 voltage of a particular microturbine is less than the voltage across the DC bus. As can 

be seen, the voltage across bus is established by the microturbine system or systems 
with the highest DC output voltage to the bus. Microturbine systems with lower 
output DC voltages than that across the bus will not provide power to the bus and will 
not receive power from the bus because of the blocking diodes contained in the 

20 alternator/rectifier apparatuses. Thus, by controlling the output voltage of any 

microturbine system using its particular excitation current, that microturbine system 
can be brought on-line to supply power to the DC bus. In this example, the bus 
supplies power to a single inverter apparatus 405 which controls the level of AC 
power to an AC motor 407. The bus provides a power capacity at a predetermined 
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vonage anu me inverter 405 controls the current flow, and hence the power level to 
the motor 407. As can be appreciated, the battery pack can be brought on line to 
supply power to the bus by decreasing the bus voltage to match the output voltage of 
the battery pack. Alternately, all the microturbines can be turned off and the 
5 locomotive operated on battery power to move to, for example, into a maintenance 

shed or pass though a tunnel where emissions are not permitted. 

Figure 5 is a circuit diagram of two diesel power supplies and a battery pack 
driving four DC traction motors and an auxiliary power supply from a DC common 
bus. A first diesel alternator/rectifier circuit 505 is shown connected across a bus 

10 formed by conductors 501 and 502. An excitation current for the first diesel 

alternator/rectifier circuit 505 is used to control the voltage output across the bus 501 
and 502. A first current sensor 520 monitors the output current from the first diesel 
alternator/rectifier circuit 505. A second diesel alternator/rectifier circuit 506 is 
shown connected across the bus formed by conductors 501 and 502. An excitation 

15 current for the second diesel alternator/rectifier circuit 506 controls the voltage output 

across the bus 501 and 502. A second current sensor monitors the output current from 
the second diesel alternator/rectifier circuit 506. A battery pack and buck/boost circuit 
507 is shown connected across the bus formed by conductors 501 and 502. The 
voltage applied across the bus 501 and 502 by the battery pack is shown controlled by 

20 a system of IGBTs. A third current sensor 521 monitors the output current from the 

battery pack. The bus 501 and 502 supplies power to four traction motor circuits 508 
where the current and power to each traction motor is controlled by its own chopper 
circuit. In this example, a separately controlled excitation circuit 5 1 8 is shown for 
providing current to the four field coils of the traction motors. The bus 501 and 502 
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also supplies power to an auxiliary power supply 509 typically through a voltage step 
down circuit. Although not illustrated in this figure, the circuit architecture can 
readily support the DC traction motors being operated as generators in a braking mode 
and used to charge the battery pack as described in U.S. Provisional Patent 
Application 60/600,330 which was previously incorporated herein by reference. As 
can be seen, the DC traction motors operated as generators would not supply power to 
the diesel systems because of blocking diodes in circuits 505 and 506. 

The locomotive represented in Figure 5 may have a total power output in the 
range of about 300kW (typical of an underground locomotive) to about 6,000 kW (a 
large, long haul railway locomotive). As an example, the power output of each of the 
two diesel engines may be about one third of the total locomotive power and the 
battery pack may have the ability to generate approximately four times the peak power 
as one of the diesel engines. As can be appreciated, such a locomotive would be 
battery-dominant in which the power output capability of the battery pack is 
substantially greater than the combined power output of the diesel engines. Such a 
locomotive may have application for example as a yard switcher. Another 
configuration may utilize a battery pack with an output power approximately 
equivalent to the power output of two diesel engines. In this configuration, the diesel 
engines and battery pack may be operated together for acceleration and ascending 
grades. The battery pack may be used for recovering energy from a regenerative 
braking system. Such a locomotive may have application for example as a commuter 
locomotive or road switcher locomotive. Another configuration may be utilized with 
a power output capability of the diesel engines substantially greater than the power 
output of the battery pack. As can also be appreciated the diesels engines may be 
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replaced oy gas turoine engines and the like or combinations of diesels and gas 
turbines. The battery pack may be replaced by a capacitor bank, a flywheel system of 
a combination of energy storage units. 

Figure 6 is an example of an overall electrical schematic of a multi-engine 
5 locomotive where six engines are used to provide power to a DC bus which in turn 

makes power available to an auxiliary power system, an energy storage system and a 
plurality of traction motors. In this example, the DC bus may also allow power from 
the traction motors to be dissipated during dynamic braking and/or provide power to 
an energy storage system which may be used to start one or more of the engines. In 

10 the example shown in Figure 6, the DC bus is shown formed by two conductors 1003 

and 1005. Conductor 1003 is the negative side 1004 and conductor 1005 is the 
positive side 1006. Six alternators 1001 each with rectifying diode networks 1002 are 
shown connected in parallel to the DC bus. The output DC current from each rectifier 
1002 is measured by its own individual current sensor 1011. A propulsion system 

15 1007 comprised of four DC traction motors, each controlled by an individual chopper 

circuit and common excitation circuit is shown connected to the DC bus in parallel 
with the engine systems. A typical auxiliary power system 1008 is also shown 
connected to the DC bus in parallel with the engine systems and propulsion system. A 
typical dynamic braking system including a dissipating resistive grid 1009 is also 

20 shown connected to the DC bus in parallel with the engine systems, propulsion system 

1007 and auxiliary power system 1008. Figure 6 also shows an example of a 
capacitor energy storage system 1010 connected to the DC bus. Such an energy 
storage system 1010 may be maintained in a state-of-charge by DC power from one or 
more of the engines or from power from a dynamic braking system by, for example, a 
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bucK/Doost circuit, i ne energy storage system may be used to provide power for 
starting one or more engines by any of a number of well-known methods. As can be 
appreciated, the energy storage system can also be a battery pack or a flywheel storage 
system. A similar electrical architecture for a multi-engine locomotive was disclosed 
previously in US Provisional Applications 60/607,194 and 60/618,632 entitled «, 
"Locomotive Power Train Architecture". 

Figure 7 illustrates a simplified electrical architecture of principal power train 
elements of a hybrid locomotive using a regenerative braking circuit in motoring 
mode. 

The regenerative braking system shown is one of several possible configurations. In 
the system shown in Figure 7, the inductance of DC traction motor is used to 
temporarily store energy during braking mode. In this configuration, energy is stored 
for brief periods in the motor armature and field windings and then discharged to an 
energy storage system, such as for example a battery pack. The architecture is built 
around a DC bus comprised of a positive conductor 1101 at a positive voltage 1 103 
and a negative bus conductor 1 102 at a negative voltage 1 104. Two 
alternator/rectifier apparatuses 1 105 and 1 106, which may be part of diesel and/or gas 
turbine engines for example, are shown attached to the DC bus along with a battery 
pack 1 107. The battery pack is shown connected to the bus using a buck/boost circuit. 
The engines and battery pack may be used to provide power to a number of DC 
traction motors and auxiliary power supplies. Figure 7 shows an auxiliary power 
circuit 1 108 and a 4 DC traction motor circuits 1 109 with regenerative braking 
capability. In motoring mode, the traction motor switches 1111 are always open and 
switches 1110 are always closed. Power flows from the generators and/or the battery 
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to tfte traction motors and to the auxiliary power unit. It is also possible in motoring 
mode for the generator to provide power for charging the battery pack. A dissipating 
resistance grid 1112 that is part of a dynamic braking system is also shown. The 
configuration shown in Figure 7 might be comprised, for example, of two diesel 
engines, each with a peak power output in the range of 500 to 700 kW and a battery 
pack with an energy storage capacity of 500 kW-hrs and peak power output of 500 
kW. The four traction motors may be capable of conducting current up to 1,700 amps 
and developing tractive effort in the range of 80,000 newtons each. The DC bus may 
be operated in the range of about 400 to 1,100 volts. An example of how such a 
locomotive might be operated in motoring mode is: 

□ a first diesel is turned on and its output voltage to the DC bus is 
approximately 700 volts which may be slightly higher than the open 
circuit voltage of the battery pack. 

□ power is applied to the traction motors as determined by the engineer. 

□ the current output of the diesel and current inputs to each motor may be 
monitored. 

□ when the motors begin to draw more power than is available from the 
first diesel engine, the output voltage of the first diesel engine will 
begin to drop 

□ a second diesel can be set so that it will come on-line when the output 
voltage of the first diesel falls below a predetermined set point and the 
second diesel will remain on until the locomotive power requirement 
drops below a predetermined level for a predetermined period of time. 
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□ if an additional power boost is required, the battery pack can be 
brought on-line, either by command (which would activate the battery 
pack boost circuit) or when the DC bus voltage drops below a 
predetermined set point. 

Another example of the configuration shown in Figure {7* might be two diesel 
engines, each with a peak power output in the range of 300 kW and a battery pack 
with an energy storage capacity of 1000 kW-hrs and peak power output of 100 kW. 
An example of how such a locomotive might be operated in motoring mode might be: 

□ the DC bus voltage is determined by the output of the battery pack 

□ power is applied to the traction motors as determined by the engineer 

□ when the DC bus voltage falls below a predetermined level, a first 
diesel is turned on such that its output voltage is approximately that of 
the original DC bus voltage 

□ a portion of the applied diesel power will flow back to the battery pack 
to increase its SOC 

□ when the SOC of the battery pack increases beyond a predetermined 
level, the first diesel is idled or turned off so that it no longer supplies 
power to the DC bus 

□ current output of the diesel and current inputs to each motor may be 
monitored. 

□ when the motors begin to draw more power than is available from the 
battery pack and the first diesel engine (for example accelerating while 
pulling a long train in a switching yard), the output voltage of the DC 
bus will begin to drop 
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u trie second diesel can be set so that it will come on-line when the 

output voltage of the DC bus falls below a predetermined set point and 
the second diesel will remain on until the locomotive power 
requirement drops below a predetermined level for a predetermined 
period of time. 

This latter example is typical of how a battery-dominant hybrid locomotive 
might be operated where the locomotive is operated primarily on battery power for 
most of the time. From time-to-time, one or more of the diesel engines may be 
brought on-line to either charge the battery pack or provide an additional power boost. 
When the DC bus voltage is established by the battery pack, there is typicallyno need 
for a buck/boost circuit between the battery pack and the DC bus. 

Figure 8 illustrates a simplified electrical architecture of principal power train 
elements of a hybrid locomotive using the regenerative braking circuit of Figure 7 in 
braking mode. The architecture is built around a DC bus comprised of a positive 
conductor 1201 at a positive voltage 1203 and a negative bus conductor 1202 at a 
negative voltage 1204. Two alternator/rectifier apparatuses 1205 and 1206, which 
may be part of diesel and/or gas turbine generators for example, are shown attached to 
the DC bus along with a battery pack 1207. The battery pack is shown connected to 
the bus using a buck/boost circuit. Figure 8 shows an auxiliary power circuit 1208 
and a 4 DC traction motor circuits 1209 with regenerative braking capability. In 
braking mode, the traction motor switches 1211 are always closed and switches 1210 
are always open. The DC motors, now acting as generators, may provide power for 
charging the battery pack. As shown in this example, blocking diodes in the 
alternator/rectifiers prevent power flow back to the generators during braking. If the 
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DC motors now acting as generators provide braking energy at too high a power level 
to be accommodated by the energy storage battery pack, excess braking energy may be 
switched to a dissipating resistance grid 1212 so that dynamic braking may continue. 

An example of the configuration shown in Figure 8 might be two diesel 
engines, each with a peak power output in the range of 2,000 kW and a battery pack 
with an energy storage capacity of 1,700 kW-hrs and peak power output of 1,700 kW. 
The four traction motors may be capable of conducting current up to 1,800 amps and 
developing tractive effort in the range of 80,000 newtons each. The DC bus may be 
operated at about 700 volts. An example of how such a locomotive might be operated 
in braking mode is: 

□ upon issuing a braking command, both diesels are taken off-line by 
reducing their excitation currents such that their output voltages are 
reduced to less than the DC bus voltage which is now determined by 
the battery pack which remains at approximately 700 volts. 

□ dynamic braking mode is initiated by setting the appropriate switches 
on each traction motor circuit 

□ the battery pack SOC is determined and, if below a predetermined 
level, power flowing from the motors, now acting as generators, is 
allowed to flow into the battery pack 

□ the current flowing into the battery pack is monitored 

□ if the current to the battery pack exceeds a predetermined limit, power 
is then switched to the dissipating resistance grid until the current to 
the battery pack is reduced below a predetermined limit. 
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□ 



if the SOC of the battery pack exceeds a predetermined limit, then all 



the power from the regenerative braking system is then switched to the 



dissipating resistance grid. 



□ 



if the dissipating capacity of the resistance grid is exceeded, then the 



traction motors are switched back to motoring mode 



A number of variations and modifications of the invention can be used. It 
would be possible to provide for some features of the invention without providing 
others. 

For example in one alternative embodiment, multiple gas turbines may be used 
as power sources. This embodiment would be capable of operating on either liquid 
natural gas, compressed natural gas or diesel fuel. 

In another alternative embodiment, a locomotive may be comprised of a small 
diesel engine, a battery pack, a capacitor bank and a regenerative braking system. A 
first function of the capacitor bank would be to temporarily store high power during 
operation of the regenerative braking system and to transfer it at a lower power level 
to the battery pack which may have a higher energy storage capacity. The capacitor 
bank may also provide a second function as a power supply for starting the engine 
when required. 

The present invention, in various embodiments, includes components, 
methods, processes, systems and/or apparatus substantially as depicted and described 
herein, including various embodiments, subcombinations, and subsets thereof. Those 
of skill in the art will understand how to make and use the present invention after 
understanding the present disclosure. The present invention, in various embodiments, 
includes providing devices and processes in the absence of items not depicted and/or 
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aescnDea nerein or in various embodiments hereof, including in the absence of such 
items as may have been used in previous devices or processes, e.g., for improving 
performance, achieving ease and\or reducing cost of implementation. 

The foregoing discussion of the invention has been presented for purposes of 
illustration and description. The foregoing is not intended to limit the invention to the 
form or forms disclosed herein. In the foregoing Detailed Description for example, 
various features of the invention are grouped together in one or more embodiments for 
the purpose of streamlining the disclosure. This method of disclosure is not to be 
interpreted as reflecting an intention that the claimed invention requires more features 
than are expressly recited in each claim. Rather, as the following claims reflect, 
inventive aspects lie in less than all features of a single foregoing disclosed 
embodiment. Thus, the following claims are hereby incorporated into this Detailed 
Description, with each claim standing on its own as a separate preferred embodiment 
of the invention. 

Moreover, though the description of the invention has included description of 
one or more embodiments and certain variations and modifications, other variations 
and modifications are within the scope of the invention, e.g., as may be within the 
skill and knowledge of those in the art, after understanding the present disclosure. It 
is intended to obtain rights which include alternative embodiments to the extent 
permitted, including alternate, interchangeable and/or equivalent structures, functions, 
ranges or steps to those claimed, whether or not such alternate, interchangeable and/or 
equivalent structures, functions, ranges or steps are disclosed herein, and without 
intending to publicly dedicate any patentable subject matter. 
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What is claimed is : 

1 . A motorized off road vehicle, comprising: 
at least one motor; 

a plurality of electrical energy converters operable to convert energy to 
electrical energy having a desired electrical characteristic, the plurality of electrical 
energy converters comprising first and second electrical energy converters having 
respectively first and second output voltages; 

a plurality of energy sources operable to provide energy to the plurality of 
electrical energy converters, the plurality of energy sources comprising first and 
second engines corresponding respectively to the first and second electrical energy 
converters; and 

a common Direct Current (DC) power bus electrically connecting the plurality 
of electrical energy converters and the at least one motor and operable to transport 
electrical energy from the electrical energy converters to the at least one motor, 
wherein, at a selected time, the relationship between a voltage level of the common 
power bus on the one hand and the first and second output voltages of the first and 
second electrical energy converters on the other hand determine, at a selected point in 
time, which of the first and second engines supplies energy to the bus. 

2. The off road vehicle of claim 1, wherein the off road vehicle is a 
locomotive, wherein the at least one motor is at least one traction motor, wherein the 
plurality of energy sources comprise an energy storage system, wherein each of the 
first and second engines is one or more of a diesel engine, gas turbine engine, 
microturbine, Stirling engine, spark ignition engine, and fuel cell, wherein the energy 



-33- 



WO 2006/020667 PCT/US2005/028314 
storage system is one or more of a battery pack, a bank of capacitors, a compressed air 
storage system and a bank of flywheels, and further comprising: 

at least one power control apparatus operable to control electrical energy 
supplied to the at least one motor, the at least one power control apparatus being 
positioned between the DC bus and the at least one motor,. 

3. The off road vehicle of claim 2, wherein the plurality of electrical 
energy converters include one or more of an alternator-rectifier, a rectifier, a boost 
circuit, a buck circuit and a buck/boost circuit, wherein the at least one power control 
apparatus is one or more of an inverter and a chopper circuit and wherein the at least 
one traction motor is a plurality of traction motors, wherein the at least one motor is a 
plurality of traction motors and the plurality of traction motors comprise a plurality of 
an AC induction motor, DC motor, permanent magnet motor and/or switched 
reluctance motor, wherein the first and second energy converters each comprise an 
alternator, wherein the first and second output voltages are the output voltages of the 
corresponding alternator, wherein each of first and second electrical energy converters 
comprises a switch that prevents reverse energy flow from the DC bus to the 
corresponding engine but allows energy to flow from the engine to the DC bus, 
wherein the energy storage system comprises an output power control apparatus, 
wherein, in a first mode, an output voltage of the output power control apparatus is 
less than the DC bus voltage and, in a second mode, the output voltage of the output 
power control apparatus is at least the DC bus voltage, wherein, in the first mode, the 
energy storage system receives energy from the DC bus for storage and, in the second 
mode, the energy storage provides energy to the DC bus from storage, and wherein 
DC bus comprises first and second conductors having opposing polarities, wherein 
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each ot the plurality ot electrical energy converters and the at least one motor are 
connected in parallel across the first and second conductors. 

4. The off road vehicle of claim 1, wherein, in a first mode, the first 
output voltage is higher than the second output voltage and is at least the DC bus 

5 voltage and wherein the second output voltage is lower than the DC bus voltage, 

whereby the first engine but not the second engine provides energy to the DC bus, 
wherein, in a second mode, the first and second output voltages are each at least the 
DC bus voltage, whereby both of the first and second engines provide electrical 
energy to the DC bus, wherein the desired electrical characteristic is at least one of a 

10 voltage and power, and wherein the first and second output voltages are controlled by 

varying an excitation current applied to the corresponding electrical energy converter. 

5. The off road vehicle of claim 4, wherein at least one of the following is 

true: 

(i) the DC bus voltage is maintained substantially constant in the first and 
15 second modes; and 

(ii) the DC bus voltage is varied in the first and second modes; 

6. The off road vehicle of claim 6, wherein (ii) is true, wherein the DC 
bus voltage is allowed to vary in accordance with load power demand and wherein, as 
the at least one motor requires greater amounts of electrical energy, the bus voltage 

20 level decreases, thereby permitting at least some of the energy sources having lower 

output voltages to provide electrical energy to the bus. 

7. The off road vehicle of claim 2, wherein the DC bus voltage is allowed 
to vary in response to fluctuations in the output voltage of the energy storage system 
and/or power control apparatus. 
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8. i ne on road vehicle of claim 1, wherein each of the electrical energy 
converters includes an excitation circuit, the excitation circuit being operable to 
control the output voltage of the corresponding energy converter and thereby control 
when energy provided by the corresponding energy source is transported on the bus. 

9. The off road vehicle of claim 1, wherein at least three of the plurality 
of energy sources are engines, wherein each engine operates in a motoring mode in 
which the engine supplies energy to the bus, an idling mode in which the engine is 
idling and not supplying energy to the bus, and a down mode in which the engine is 
turned off, and wherein at a selected time, the first engine is in the motoring mode, the 
second engine is in the idling mode, and a third engine is in the down mode. 

10. The off road vehicle of claim 1 , wherein the power output of the first 
and second engines has a frequency component, and wherein, during a time when the 
first and second engines are operational, the frequency components are asynchronous, 
wherein the first engine is operating at a first revolutions per minute, wherein the 
second engine is operating at a second revolutions per minute, wherein the first 
revolutions per minute is less than the second revolutions per minute, and wherein the 
first and second output voltages of the first and second energy converters, 
corresponding respectively to the first and second engines, are approximately equal to 
the bus voltage. 

11. In an off road vehicle comprising at least one motor, a plurality of 
electrical energy converters operable to convert energy to electrical energy having a 
desired electrical characteristic, a plurality of energy sources operable to provide 
energy to the plurality of electrical energy converters, and a common Direct Current 
(DC) power bus electrically connecting the plurality of electrical energy converters 
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and the at least one motor and operable to transport electrical energy from the 
electrical energy converters to the at least one motor, a method comprising: 

at a first selected time, implementing a first set of relationships between a 
voltage level of the common power bus on the one hand and output voltages of the 
electrical energy converters on the other, whereby a first set of the energy sources 
provides energy to the common power bus; and 

at a second selected time, implementing a second set of relationships between 
the voltage level of the common power bus on the one hand and output voltages of the 
electrical energy converters on the other, whereby a second set of energy sources 
provides energy to the common power bus, wherein the memberships of the first and 
second sets of energy sources are different. 

12. The method of claim 1 1, wherein a first energy converter has a first 
output voltage and wherein the first energy converter has a second output voltage, 
wherein the first and second output voltages are different, wherein, in the first set of 
relationships, the first output voltage is at least the common bus voltage and, in the 
second set of relationships, is less than the common bus voltage, wherein DC bus 
comprises first and second conductors having opposing polarities, and wherein each 
of the plurality of electrical energy converters and the at least one motor are connected 
in parallel across the first and second conductors. 

13. The method of claim 12, wherein the output voltage of the first energy 
converter is varied between the first and second output voltages by varying an 
excitation current applied to the first energy converter. 

14. The method of claim 12, wherein the magnitudes of the common bus 
voltage at the first and second selected times are substantially the same. 
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id. ine method of claim 11, wherein, at the first selected time, a first 
energy converter has a first output voltage and the power bus a first bus voltage and 
wherein, at the second selected time, the first energy converter has a second output 
voltage and the power bus a second bus voltage, wherein the first and second output 
5 voltages are substantially the same and the first and second bus voltages are different, 

and wherein, in the first set of relationships, the first output voltage is at least the first 
voltage at the first selected time and, in the second set of relationships, the second 
output voltage is less than the second bus voltage at the second selected time. 

16. The method of claim 15, wherein at least one of the following is true: 
10 (i) the bus voltage varies between the first and second selected times in 

response to load power demand; and 

(ii) the bus voltage varies between the first and second selected times in 
response to an output voltage of an energy storage system. 

17. The method of claim 1 1, wherein the plurality of electrical energy 

15 converters comprises first and second electrical energy converters having respectively 

first and second output voltages, wherein the plurality of energy sources comprises 
first and second engines corresponding respectively to the first and second electrical 
energy converters, wherein, in the first and second sets of relationships, the bus 
voltage on the one hand and the first and second output voltages of the first and 

20 second electrical energy converters on the other hand determine, at a selected point in 

time, which of the first and second engines supplies energy to the bus, wherein the off 
road vehicle is a locomotive, wherein the at least one motor is at least one traction 
motor, wherein the plurality of energy sources comprise an energy storage system, 
wherein each of the first and second engines is one or more of a diesel engine, gas 
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turbine engine, microrurbine, Stirling engine, spark ignition engine, and fuel cell, 
wherein the energy storage system is one or more of a battery pack, a bank of 
capacitors, a compressed air storage system and a bank of flywheels, wherein the 
locomotive comprises at least one power control apparatus operable to control 
electrical energy supplied to the at least one motor, the at least one power control 
apparatus being positioned between the DC bus and the at least one motor, wherein 
the plurality of electrical energy converters include one or more of an alternator- 
rectifier, a rectifier, a boost circuit, a buck circuit and a buck/boost circuit, wherein the 
at least one power control apparatus is one or more of an inverter and a chopper 
circuit and wherein the at least one traction motor is a plurality of traction motors, and 
wherein the at least one motor is a plurality of traction motors and the plurality of 
traction motors comprise a plurality of an AC induction motor, DC motor, permanent 
magnet motor and/or switched reluctance motor. 

18. The method of claim 17, wherein each of first and second electrical 
energy converters comprises a switch that prevents reverse energy flow from the DC 
bus to the corresponding engine but allows energy to flow from the engine to the DC 
bus, wherein the energy storage system comprises an output power control apparatus, 
wherein, in a first mode, an output voltage of the output power control apparatus is 
less than the DC bus voltage and, in a second mode, the output voltage of the output 
power control apparatus is at least the DC bus voltage, and wherein, in the first mode, 
the energy storage system receives energy from the DC bus for storage and, in the 
second mode, the energy storage provides energy to the DC bus from storage. 

19. The method of claim 17, wherein, in a first mode, the first output 
voltage is higher than the second output voltage and is at least the DC bus voltage and 
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wherein the second output voltage is lower than the DC bus voltage, whereby the first 
engine but not the second engine provides energy to the DC bus and wherein, in a 
second mode, the first and second output voltages are each at least the DC bus 
voltage, whereby both of the first and second engines provide electrical energy to the 
DC bus. 

20. The method of claim 1 1 , wherein at least three of the plurality of 
energy sources are engines, wherein each engine operates in a motoring mode in 
which the engine supplies energy to the bus, an idling mode in which the engine is 
idling and not supplying energy to the bus, and a down mode in which the engine is 
turned off, and wherein at a selected time, a first engine is in the motoring mode, a 
second engine is in the idling mode, and a third engine is in the down mode. 

21 . The method of claim 15, wherein the power output of each of the first 
and second engines has a frequency component, wherein, during a time when the first 
and second engines are operational, the frequency components are unsynchronized, 
wherein the power outputs for the first and second engines respectively are from the 
first and second energy converters, wherein the first and second energy converters 
each comprise a generator, wherein the generators' speeds are asynchronous, wherein 
the first engine is operating at a first revolutions per minute, wherein the second 
engine is operating at a second revolutions per minute, wherein the first revolutions 
per minute is less than the second revolutions per minute, and wherein the first and 
second output voltages of the first and second energy converters, corresponding 
respectively to the first and second engines, are approximately equal to the bus 
voltage. 
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Zl. A metnod for operating a locomotive, the locomotive including at 
least one traction motor, at least one power control apparatus controlling electrical 
energy supplied to the at least one traction motor, a plurality of energy sources 
providing energy to the at least one traction motor, and at least one electrical energy 
5 converter converting the provided energy to electrical energy having a desired 

electrical characteristic, and a common power bus electrically connecting the at least 
one power control apparatus and the at least one electrical energy converter, 
comprising: 

during a first time interval, setting a first energy converter corresponding to a 
10 first energy source to a first output voltage, the first output voltage being equal to a 

bus voltage; 

during the first time interval, setting a second energy converter corresponding 
to a second energy source to a second output voltage, the second output voltage being 
less than the first output voltage; and 
15 during the first time interval, the first energy source but not the second energy 

source providing energy to the bus for use by the at least one traction motor. 

23. The method of claim 22, further comprising, during a second time 
interval: 

increasing an excitation voltage to the second energy converter to provide a 
20 third output voltage, the third output voltage being approximately equal to the bus 

voltage; and 

the second energy source providing energy to the bus for use by the at least 
one traction motor. 
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24. The method of claim 22, further comprising: 

when a selected output voltage is less than the bus voltage, preventing 
electrical energy from flowing to the corresponding energy source. 

25. The method of claim 22, further comprising: 

an excitation circuit controlling the output voltage of a selected energy 
converter and thereby controlling when energy is provided by the corresponding 
energy source to the bus. 

26. The method of claim 22, further comprising: 

the bus voltage level decreasing as the at least one traction motor requires 
increasing amounts of electrical energy, thereby permitting at least some of the energy 
sources having lower output voltages to provide electrical energy to the bus. 

27. The method of claim 22, wherein the plurality of energy sources 
comprises first, second, and third engines and further comprising during a second time 
interval: 

the first engine supplying energy to the bus; 

the second engine idling and not supplying energy to the bus; and 

the third engine being deactivated and not supplying energy to the bus. 

28. The method of claim 22, wherein the plurality of energy sources 
comprise first and second engines, wherein the power output of each of the first and 
second engines has a frequency component, wherein, during a time when the first and 
second engines are operational, the frequency components are asynchronous, wherein 
the power outputs for the first and second engines respectively are from the first and 
second energy converters, wherein the first and second energy converters each 
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comprise a generator, wherein the generators' speeds are asynchronous, and further 
comprising: 

operating the first engine at a first revolutions per minute; and 
operating the second engine at a second revolutions per minute, wherein the 
5 first revolutions per minute is less than the second revolutions per minute and wherein 

the output voltages of first and second energy converters, corresponding respectively 
to the first and second engines, are approximately equal to the bus voltage. 



-43- 



WO 2006/020667 



PCT/US2005/028314 




WO 2006/020667 



PCT/US2005/028314 




WO 2006/020667 



PCT/US2005/028314 




WO 2006/020667 



PCT/US2005/028314 




WO 2006/020667 



PCT/US2005/028314 




WO 2006/020667 



PCT/US2005/028314 




WO 2006/020667 



PCT/US2005/028314 



+ 




1108 



4 



1103 



I 



1104 



1105 1106 



Figure 7 



7/8 



WO 2006/020667 



PCT/US2005/028314 




8/8 



